Coefficients of linear expansion for various t emperature ranges between 20 and 1,000 0 C were obtained on some llew heat-resisting alloys : An iron-chromiumaluminum alloy and three iron-chromium-aluminum-cobalt alloys. No polymorphic transition was observed in these alloys between 20 and 1,000 0 C. The alloys exhibited growth (0. 82 to 2.81 percent) after various heat treatments at t.emperatures up to 1,400 0 C. Additional heat treatments would probably cause additional growth. The densities of the mechanically worked iron-chromiumaluminum alloy and iron-chromium-aluminum-cobalt alloys increased 1.12 to 2.50 percent as a result of various heat treatments to 1,400 0 C. Tremendous grain growth occurred in the heat-resisting alloys as a result of various heat treatments at elevated t emperatures.
I. INTRODUCTION
The commercial alloys used for electric heating are primarily nickel-chromium and nickel-chromium-iron alloys. Recently, however, a new series of heat-resistin~ alloys composed primarily of iron and chromium with smaller additIOns of aluminum or aluminum a.nd cobalt, has been developed. These alloys can be heated to higher temperatures than the nickel-chromium and iron-nickel-chromium alloys, but they have disadvantages which will be indicated later.
In 1931, data [!l] 1 on the linear thermal expansion of nickel-chromium, iron-chromium, and nickel-chromium-iron alloys were published. The present paper gives the results obtained in an investigation on the thermal expansion of the new heat-resisting alloys: Iron-chromiumaluminum alloy and iron-chromium-aluminum-cobalt alloys. Samples 
Remarks hy manufacturer
-----------Hoyt and Archer [2] stated that an object 0 their in ven tion was to provide an alloy 0 such pro perties as to be suitable for the fab ri cation of cast or wrought articles which are ex posed to oxidizing conditions at elevated temperatures, such as an nealing or carburizing boxes, or parts entering into the construct ion of conveyors, heat exchangers, recuperators or other mechanism exposed to the action 0 oxidizing atmospheres at elevated tempera t ures . Another object was to pro\-ide an alloy suitable for t he constructioI'. of electrical resistance elements capable of operating at high temperature with a long life.
Suitable for temperatures up to 1,300° (2 ,370° F) . P rinci pal u ses are: Industri furnaces, electric-range units, other domest appliances requiring high tern pera tun: high-grade spark plugs, Diesel-engine glo plugs and oil-burner ignition pOints.
Used mainly for industrial furnaces opera til at high temperatures up to 1,350° C (2,460° F Suitable for temperatures up to 1,150· (2,100· F) and has the same range of operatic as nickel-chromium alloys.
• Chemical analyses were made on pieces cut from both ends of each sample after the thermal-expansion determinations had been completed .
• Percentage of iron determined by diffe rence.
• Sam e as Smith Alloy No. 10 (see Hoyt and Scheil [5] ).
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III. THERMAL-EXPANSION APPARATUS
The samples of heat-resisting alloys were investigated with the precision comparator type of thermal-expansion apparatus described by Souder and Hidnert [4] . The white furnace shown at the left of figure 1 of their publication was used for temperature ranges between 20 and 1,000 0 C. Figure 4 of the same publication shows the details of mounting the samples in the furnace.
Platinum-osmium observation wires (6}~ percent of osmium) were used in all tests of the samples except sample 1579. For this sample, platinum-iridium observation wires (20 percent of iridium) were used. The diameter of each observation wire was 0.050 mm. A vane weighing 18 g was attached at the bottom of each observation wire which was in contact with samples 1579 and 1581. In order to reduce the possibility of breakage of the observation wires at elevated temperatures, lighter vanes (each weighing 9 g) were used with the other samples.
IV. THERMAL EXPANSION OF HEAT-RESISTING ALLOYS
The samples of heat-resisting alloys were arranged in two groups, as indicated in section II. The samples used for thermal-expansion determinations were 300 mm in length. Each expansion curve was plotted from a different origin in order to display the individual characteristics of each curve. Results obtained in a second test represent data on material after the heat treatment incident to the first test.
IRON-CHROMIUM-ALUMINUM ALLOY
'l'wo expansion tests were made on a hot-rolled iron-chromiumaluminum alloy (sample 1586). The observations obtained on heating and cooling the sample at various temperatures between 20 and 1,000 0 C. are shown in figure 1. The observations on cooling in the first test lie appreciably below the expansion curve. In the second test, the observations on cooling are very close to the expansion curve. Table 2 gives coefficients of expansion which were derived from the curves in figure 1 . This table also shows the difference in length before and after each expansion test.
The average coefficients of expansion of the iron-chromium-aluminum alloy, after heat treatment incident to the first test, are slightly greater than the coefficients of the hot-rolled alloy. , Observations on cooling close to expansion curve on heating.
In 1935, Hoy t and Scheil [5] reported tha t the coefficient of linear expansion of Smith Alloy No. 10 3 is about 18 X 10-6 per degree C between room t emperature and 1,315 0 C. "This means an expansion of about 0.27 inch per foot, on heating to 2,400 degrees Fahr. (1,315 degrees Cent.). These determinations were made on wire in the life tester with the Ames dial and are subject to a minor correction when more accura te determinations become available." T able 3 gives coefficients of expansion of two iron-aluminum alloys investigated by Schulze [6] . From interpolation and comparison of these coefficients of expansion with those given in table 2, it appears that the substitution of approximately 39 percent of chromium for the same amount of iron in an iron-aluminum alloy containing about A comparison of the coefficients of expansion in table 4 with those given in figure 11 of a previous publication [1] , indicates that the substitution of 4.5 to 6.2 percent of aluminum and about 2 percent of cobalt for an equivalent amount of iron in an iron-chromium alloy containing about 23 percent of chromium, increases the coefficients of expansion.
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• H indicates h0ating and 0 cooling. ~ The plus (+) sign indicates an increase in length and the minus (-) sign a decrease in length. The first and third values in this column were determined from the expansion curve on heating and the contraction curve (or observation) on cooling; the second and fourth values (rom measurements on a comparator with an adjustable micrometer head, set to an end standard o( known length .
• Observations on cooling close to expansion curve on heating. d Pt-Ir observation wires broke between 900 aud 1,000° O.
• Sample warped on cooling. Before second test, sample was straightened. The results obtn,ined on the effects of heat treatments on the growth, density, and structure of the samples of heat-resisting alloys are given in the following su bsections.
GROWTH
After the thermal-expansion determinations were completed on the samples of heat-resisting alloys, 50-mm pieces were cut from both ends of each sample for chemical analyses. 4 Density determinations were made on the remaining pieces of the samples. These pieces (each 200 mm long) were then heated 5 to various temperatures between 1,100 and 1,400° C, held at these temperatures for various lengths of time and then cooled to room temperature. Measurements were made on the growth (or shrinkage) of these samples after each heat treatment. Table 5 shows the results obtained on these samples and on samples of Chromel A (sample 1292A) and Nichrome IV (sample 1293). Each value represents the growth (or shrinkage) from the original length before the first heat treatment. For each heat treatment, one-half of the difference between the value for the sample with oxide on the ends and the value for the sample with the oxide removed from the ends, represen ts the thickness of the o::l.ide or scale on each end of the sample.
Heat treatment 
------------------
Oxide removed __ __ +.35 + . 49 +.87 
• Each value represents the growth (or shrinkage) [rom the original length before the first heat treatment.
• Sample warped during heat treatment and was broken in attempting to straighten it. o Slight oxide not removed.
• Table 1 gives results of chemical analyses. , A platinum·wound tube furnace was used [or temperatures between 1,100 and 1,350° C, in which tbe samples were exposed to air. A gas furnace was used for heating the samples to 1,400° C.
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The samples of iron-chromium-aluminum-cobalt alloys indicated the greatest growth. The total growth after the various heat treatments ranged from 1.21 to 2.81 percent. The total growth of the sample of iron-chromium-aluminum alloy was nearly 1 percent. Additional heat treatments would probably cause additional growth of these alloys. A comparison of the growth and the aluminum content of these alloys indicates that the growth decreases with an increase in the aluminum content.
The samples of Chromel A and Nichrome IV scaled at elevated temperatures.
Hoyt and Scheil [5] found that wires of Smith Alloy No. 10 6 grow when heated to high temperatures. They recommended that an allowance for growth of at least ~ inch per foot be made, in addition to that for the expansion. This minimum allowance for growth corresponds to 2.1 percent.
DENSITY
Density determinations were made on the 300-mm samples of heatresisting alloys before the thermal-expansion tests were undertaken. After the thermal-expansion tests were completed, 50-mm pieces were cut from both ends of each sample for chemical analyses, and density determinations were made on the remaining pieces of the samples, as stated in the preceding subsection. After various heat treatments on these pieces for determinations of growth, oxide or scale was removed from the entire surface of each sample,? and density determinations were made. The densities are given in table 6 .
The iron-chromium-aluminum alloy has the lowest density of the heat-resisting alloys investigated . . After the heat treatments for the determinations of growth, the samples of heat-resisting alloys indicated appreciable increases in density. These increases in density varied from 1.12 to 2.50 percent. • Change from density before ex pansion tests to density after heat treatments for determinations of growth.
• Hoyt and ScheB [5] reported 6.9 glom! for the density of an iron-chromium-aluminum alloy containing about 37.5 percent of chromium and 7.5 percent of aiuminum.
As both the densities and the lengths of the samples of heat-resisting alloys increased, the cross-sectional areas of the samples must have decreased as a result of heat treatments to various temperatures up to 1,400°C .
STRUCTURE
Longitudinal sections were cut from the samples of heat-resisting alloys before the e:h'Pansion tests and after the heat treatments for the determinations of growth. These sections were prepared for metallographic examination. The sections were etched electrolytically in cold concentrated nitric acid. Figure 3 shows the structure of iron-chromium-aluminum alloy (sample 1586). Before heat treatments, the hot-rolled alloy consisted of a fairly homogeneous structure of equiaxed crystals with little or no precipitation of intermetallic compounds. After heat treatments to various temperatures up to 1,400° 0, excessive grain growth was evident. There still remained in the huge grains the solid solution phase, but with disjointed traces of compounds along the grain boundaries. Figures 4 to 6 show the structures of iron-chromium-aluminumcobalt alloys (samples 1579 to 1581). Intermetallic compounds along grain boundaries are exhibited in the micrographs of these alloys before the heat treatments. The constituents were broken up into a series of fine beads in each case, doubtless as a result of severe mechanical working. The effects of this are seen particularly in figures 5 and 6.
The micrographs of the samples of iron-chromium-aluminumcobalt alloys after heat treatments to various tempemtures up to 1,400° ° indicate that excessive grain growth occurred. The structures of these alloys after the heat treatments were virtually identical. The micrographs indicate huge grains of a solid solution with abundant precipitation of intermetallic compounds in the grain boundaries and random distribution in small amounts of the same constituent in the form of needles within the grains.
The chief microstructural effect observed as a result of heat treatments on the heat-resisting alloys is in each case a tremendous grain growth. Figure 7 gives a comparison of the expansion curves of heat-treated or hot-rolled heat-resisting alloys, Ohromel A 8 and Nichrome IV.B Sample 1292 (chromel A) indicates the greatest linear expansion between 20 and 1,000° 0, and sample 1581 (iron-chromium-aluminumcobalt alloy containing the lowest content of aluminum in this group of alloys) indicates the smallest linear expansion. An examination of the thermal-expansion curves in figures 1, 2, and 7, indicates that there is no polymorphic transition in these alloys between 20 and 1,000° 0. CJhman [9] stated that Kanthal alloy is ferritic at all temperatures and consequently undergoes no transformation at any temperature.
VI. DISCUSSION
Referring to the grinding of iron-chromium-aluminum alloy,9 Hoyt and Scheil [5] stated that tIllS alloy has a low thermal conductivity and a relatively large coefficient of expansion, as a consequence of which relatively large temperature differences must be set up when the metal is ground on the ordinary wheel. On this account the alloy is not ground except under exceptional circumstances or unless the material has been worked to a fine size.
Hoyt [8] stated that in the design and construction of furnaces for operation at the high temperatures which can be attained with the iron-chromium-aluminum alloy heating element, due regard must be paid to the necessity for providing the right kind of refractories, and for using suitable supports which allow for the thermal expansion, growth, and sagging of the resistance element.
N ordstroem [9] reported that the tensile strength of iron-chromiumaluminum-cobalt alloys falls off sharply on heating. He stated that it is therefore necessary to provide proper support for heating elements made of these alloys. "Corrugated elements hanging from knobs on the sides of the furnace are not suitable above 2,000° F, as the element can elongate by its own weight. The most satisfactory construction is when the element is laid in troughs or shelves formed by protruding ends of header brick."
Ray [10] reported that he had some experience with Kanthal Al heating-element wire in work which he did with an automatic dentalinlay melting and casting machine. He used about 14 feet of No. 20 or No. 21 gage wire wrapped in small grooves on a cylindrical muffle made of soapstone. Alundum cement and silica firebrick high in free silica were placed in close contact with the wire (in violation of the manufacturer's instructions) to serve as insulation. The muffle was connected so that electric current heated it to about 1,000° C in 3 minutes and then the current was automatically shut off. The muffle was allowed to cool to 300° C, which required about 18 minutes. Intermittent heating and cooling were continued for about 150 hours, after which it was found that the wire had expanded so much that it not only cracked the muffle but also broke the alundum refractory and pushed the porous silica firebrick away. The automatic device which turned on and shut off the current, operated by time and not by temperature. A recording pyrometer indicated that the temperature of the inside of the muffle near the center varied between l,OOO and 1,150° C. The temperature of the heating-element wire was somewhat hotter than this temperature. After 150 hours of operation, which corresponded to more than 400 cycles of heating and cooling, the wire, especially that part near the center, had grown so much that the coils were grouped together. Ray also observed that the resistance of the wire had increased appreciably and consequently a longer time was required to bring the muffle up to 1,150° C at the end of 150 hours than was required at the beginning.
The densities of mechanically worked alloys of iron-chromiumaluminum and iron-chromium-aluminum-cobalt increased 1.12 to 2.50 percent after heat treatments to 1,400° C. Kahlbaum and Sturm [11] , Goerens [12] , and Johnston and Adams [13] reported smaller increases in density after annealing cold-drawn wires of some metals and alloys. For example, the increase in density for iron after annealing at 1,040° C, was 0.26 percent. The reader is referred to Tammann [14] for a discussion of volume and density changes of metals and alloys.
The samples of heat-resisting alloys indicated excessive growth, excessive density changes, and excessive grain growth as a result of heat treatments at elevated temperatures.
VII. CONCLUSIONS 1. A comparison of the average coefficients of expansion of the two groups of heat-resisting alloys which were investigated, is given in table 7. Coefficients of expansion of Chromel A and Nichrome IV are included in this table. - Some I-leat-Resistinf/ Alloys 823 2. The average coefficients of expansion of a heat-treated ironchromium-aluminum alloy containing approximately 53 percent of iron, 39 percent of chromium, and 8 percent of aluminum are slightly greater than the coefficients of a hot-rolled alloy.
3. The substitution of approximately 39 percent of chromium for the same amount of iron in an iron-aluminum alloy containing about 8 percent of aluminum, has little effect on the coefficients of expansion for temperature ranges between 20 and 500° C.
4. The substitution of 4.5 to 6.2 percent of aluminum and about 2 percent of cobalt for an equivalent amount of iron in an ironchromium alloy containing about 23 percent of chromium, increases the coefficients of expansion.
5. No polymorphic transition was observed in the heat-resisting alloys between 20 and 1,000° C.
6. The heat-resisting oJloys indicated growth after various heat treatments at temperatures up to 1,400° C. The growth of the ironchromium-aluminum-cobalt alloys ranged from 1.21 to 2.81 percent. The growth of the iron-chromium-aluminum alloy was nearly 1 percent. The growth decreased with an increase in the aluminum content. Additional heat treatments on these alloys would probably cause additional growth.
7. The densities of the mechanically worked iron-chromium-aluminum alloy and iron-chromium-aluminum-cobalt alloys increased 1.12 to 2.50 percent as a result of various heat treatments at temperatures up to 1,400° C. The cross-sectional areas of the alloys presumably decreased, for both the densities and the lengths increased.
8. Tremendous grain growth occurred in the iron-cluomium-aluminum alloy and imn-chromium-aluminum-cobalt alloys as a result of various heat treatments to elevated temperatures.
